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We present a new mechanism of spontaneous baryogenesis. Usually such mechanisms require
a derivative coupling between a scalar field and baryon current. In our model, the scalar field
instead derivatively couples to a current associated with some global symmetry U(1)Q. In this
case, baryogenesis is still possible provided that an interaction exists, which violates the baryon and
U(1)Q symmetries simultaneously. As a concrete example, we discuss baryogenesis in a flat direction
with neither baryon nor lepton charge.
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Baryogenesis is one of the most important challenges in
cosmology and particle physics. Sakharov proposed three
conditions to realize baryogenesis [1]: (i) an interaction
which actually violates baryon conservation, (ii) viola-
tion of C and CP symmetries, (iii) deviation from ther-
mal equilibrium. Thus far, many scenarios which have
been proposed, satisfy the above requirements. How-
ever, a spontaneous baryogenesis mechanism, which was
proposed by Cohen and Kaplan, works even in thermal
equilibrium [2] contrary to the above conditions. This is
because, while Sakharov’s conditions apply for the case
where CPT symmetry is conserved, CPT symmetry is
violated in the context of any spontaneous baryogenesis
mechanism. Some applications of spontaneous baryoge-
nesis have recently been discussed in [3, 4, 5, 6].
A spontaneous baryogenesis mechanism requires a
derivative coupling between a scalar field a and a baryon
current JµB,
Leff = −∂µa
f
JµB, (1)
where f is a cut-off scale. The baryon current JµB is given
by
JµB =
∑
i
Bij
µ
i , (2)
where Bi and j
µ
i are, respectively, the baryon num-
ber and the usual number current of the i-th field. A
nonzero value of ∂µa leads to spontaneous CPT viola-
tion since ∂µa is odd under CPT transformations. This
enables spontaneous baryogenesis mechanisms to evade
Sakharov’s conditions. Assuming that a is homogeneous,
the derivative interaction becomes
Leff = − a˙
f
nB ≡
∑
i
µini, (3)
where the dot denotes differentiation with respect to
time, nB is the baryon number density, and ni is the
number density of the i-th field. µi ≡ −a˙Bi/f is an ef-
fective chemical potential for the i-th field, which creates
a bias between baryons and anti-baryons. Then, accord-
ing to the effective chemical potential, the baryon number
density is induced while in thermal equilibrium,
nB(t) =
∑
i
Bi
giκiT
3
6
(
µi
T
+O
[(µi
T
)3])
, (4)
where gi represents the degree of freedom of the corre-
sponding fields, κi is 1 for fermions and 2 for bosons,
and the summation should be taken for light fields in
thermal equilibrium. In fact, baryon asymmetry is gen-
erated only when a baryon number violating interaction
actually exists and is in thermal equilibrium. Thus, the
final baryon asymmetry is determined at decoupling of
the baryon number violating interaction.
In the above example, a scalar field derivatively cou-
ples to the baryon current. However, in this Letter, we
show that baryogenesis is still possible even if a scalar
field derivatively couples not to baryon current, but to
other currents such as the lepton current and/or the
Peccei-Quinn (PQ) current. Our basic idea is very sim-
ple. Assume that a scalar field derivatively couples to
some global U(1)Q current which is not necessarily re-
lated to baryon current. Then, if an interaction exists
and is in thermal equilibrium, which violates U(1)Q and
2baryon symmetries simultaneously, baryon asymmetry is
generated in addition to the U(1)Q asymmetry through
the spontaneous mechanism. This is because the ratio
of U(1)Q charge to baryon charge must follow the ratio
of violations of the interaction. Therefore generation of
U(1)Q asymmetry always involves generation of baryon
asymmetry.
The above idea has a lot of implications. For exam-
ple, if a scalar field derivatively couples to lepton cur-
rent and an interaction violating both lepton and baryon
symmetries is in thermal equilibrium, baryon asymmetry
is generated without resort to sphaleron effects. More
amazingly, even if a scalar field has an interaction with
neither baryon nor lepton charge but only derivatively
couples to some global U(1)Q current such as PQ cur-
rent, baryon asymmetry is generated provided that an
interaction which violates both U(1)Q and baryon sym-
metries is in thermal equilibrium.1
To make our ideas clear and concrete, we consider
spontaneous baryogenesis in the context of flat directions
with neither baryon nor lepton charge. The characteris-
tics of flat directions enable spontaneous baryogenesis to
be realized. First of all, due to its flatness, a flat direc-
tion can easily acquire a large vacuum expectation value,
which yields a derivative interaction between its phase
and the symmetry current under which the flat direction
is charged. Second, by virtue of a charge violating term (a
so-called A-term), the phase starts rotating, thus acquir-
ing a nonzero velocity. Thus, flat directions are suitable
for realizing spontaneous baryogenesis. Use in baryogen-
esis of these features of flat directions was first proposed
by Affleck and Dine in a slightly different context [7]. If a
flat direction has baryon and/or lepton number, rotation
of its phase due to an A-term generates baryon and/or
lepton asymmetries as a condensate of the flat direction.
After decay of the flat direction, such asymmetries are
transferred to the ordinary quarks and leptons complet-
ing baryo/leptogenesis. However, this mechanism applies
only to flat directions with non-zero B − L charge be-
cause otherwise sphaleron effects wash out the produced
baryon asymmetry. Recently, it was pointed out that
this mechanism can be applied to flat directions with
vanishing B − L charge by virtue of Q-balls [8, 9, 10].
This is because Q-balls can protect the B + L asymme-
try from the sphaleron effects. However, the mechanism
does not work for flat directions with neither baryon nor
lepton charge because no condensation of baryon or lep-
ton number is produced. In this Letter, we show that
baryogenesis is still possible for such a flat direction by
1 In fact, baryogenesis is still possible for an interaction which
violates both U(1)Q and lepton symmetries. In this case, a lepton
asymmetry is generated, which can be converted into a baryon
asymmetry through sphaleron effects. As a concrete example,
we discuss this possibility later in detail.
applying the spontaneous mechanism with our new idea
stated above, that is, baryon and/or lepton asymmetries
generated thermodynamically instead of through conden-
sation. Further implications and details of our ideas will
be discussed in the future publication [11].
Now let us go into some details of our scenario. First,
we show that if a flat direction with neither baryon nor
lepton number is charged under another global symme-
try and has a nonzero expectation value, its phase (more
precisely, the Nambu-Goldstone (NG) boson associated
with breaking of the global symmetry) derivatively cou-
ples to the corresponding current. One of the famous
examples of such a global symmetry is the PQ symme-
try, which is introduced to solve the strong CP problem
of quantum chromodynamics [12]. For definiteness, we
adopt the supersymmetric DFSZ axion model2 [13, 14],
but it is trivial to extend it to the case with general global
U(1) symmetries.
Though a flat direction is specified by a holomorphic
gauge-invariant polynomial, it is often described by a sin-
gle complex scalar field Φ ≡ φ/√2 eiθ. Assuming that a
flat direction has only PQ charge, its phase is given by
θ =
1
N
RαR, (5)
where N is the number of constituent fields, R ≡∑iRi
is the sum of the PQ charges, Ri is the PQ charge of each
field, and αR is the angle conjugate to the generator of
the PQ symmetry. If the flat direction has a nonzero
expectation value, the PQ symmetry is spontaneously
broken and a NG boson aR appears, which is given by
aR ≡ vaαR, (6)
where va ∼ 〈φ〉 is a decay constant. Then, the NG mode
aR transforms as aR → aR+ vaǫ under the PQ transfor-
mation αR → αR + ǫ.
In order to obtain the interaction between the NG
mode aR and the other charged fields, we define the PQ
current as
JµR ≡ −
∑
m′
∂L
∂(∂µχm′)
δχm′ , (7)
where m′ denotes all fields with non-zero PQ charges;
that is, χm′ transforms under PQ symmetry as χm′ →
χm′ + ǫδχm′ with δχm′ = iRm′χm′ . Then, the PQ cur-
rent is given by
JµR = va∂
µaR +
∑
m
Rmj
µ
m, (8)
2 Here we assume that the PQ scalar fields, which are responsi-
ble for the spontaneous PQ symmetry breaking in the present
universe, have negative mass squared of order of the Hubble pa-
rameter squared during inflation. Then we can avoid the problem
of axion domain walls. In addition, cold dark matter (CDM) can
also be explained by the axion in our scenario as a by-product
of adopting the PQ symmetry.
3where m denotes all fields with non-zero PQ charges ex-
cept the NG mode aR. Current conservation yields the
equation of motion for aR:
∂µJ
µ
PQ = va∂
2aR +
∑
m
Rm∂µj
µ
m = 0. (9)
Here the first term in the middle equation is the kinetic
term for the NG mode aR and the second term can be
derived from the following effective Lagrangian,
Leff = −
∑
m
Rm
va
(∂µaR) j
µ
m, (10)
which yields the derivative interactions between the NG
mode aR and the other charged fields.
Next, we show that a flat direction has a nonzero ex-
pectation value during and after inflation, and the corre-
sponding NG boson rolls down along the potential; that
is, it acquires a nonzero velocity. Although there are
no classical potentials along flat directions in the super-
symmetric limit, they are lifted by both supersymme-
try breaking effects and non-renormalizable operators.
Adopting gravity-mediated supersymmetry breaking, a
flat direction has a soft mass mφ ∼ 1TeV. Moreover,
assuming a non-renormalizable operator in the superpo-
tential of the form
W =
1
nMn−3
Φn , (11)
the flat direction is further lifted by the potential
VNR =
|Φ|2n−2
M2n−6
, (12)
whereM is a cutoff scale. During the inflationary epoch,
there is another contribution to the potential. A flat di-
rection has a negative mass squared proportional to the
Hubble parameter squared, which is derived from a four-
point coupling to the inflaton in the Ka¨hler potential.
Then, this negative mass squared term destabilizes the
flat direction at the origin and the flat direction rolls
down toward the minimum of the potential. The mini-
mum of the potential φmin is determined by the balance
between the negative mass squared term and the non-
renormalizable potential VNR, and is given by
φmin ∼
(
HMn−3
) 1
n−2 . (13)
In fact, the above non-renormalizable superpotential
not only lifts the potential but also gives the charge-
violating A-terms of the form
VA = am
m3/2
nMn−3
Φn + h.c.
= M4A cos [kRaR/va] , (14)
where m3/2 is the gravitino mass, am is a complex con-
stant of order unity,MA is the energy scale of the A-term,
k ≡ n/N , and we have assumed a vanishing cosmological
constant. By virtue of this A-term, the NG boson aR
begins rotating and acquires a nonzero velocity given by
|a˙R| ∼ kR
Hva
M4A, (15)
where we used the slow-roll approximation because
the inverse curvature scale of the potential is roughly√
m3/2H ≪ H . We have also assumed that aR sits far
from the extremum of the potential by O(va).
The final ingredient to realize the spontaneous mecha-
nism is an interaction which actually breaks the relevant
symmetry. In this Letter, as stated in the introduction,
we consider an interaction which violates multiple sym-
metries simultaneously, that is, PQ and lepton symme-
tries. Such a violating interaction is characterized by the
amounts of violation of the PQ and lepton symmetries,
that is, ∆R and ∆L. Then, since the produced asymme-
tries nR and nL should be proportional to the amount of
each violation, the simple relation nR∆L = nL∆R must
be satisfied, or equivalently,
∑
m
Ξmnm = 0, (16)
where we have defined Ξm = Rm∆L − Lm∆R and Lm is
the lepton charge of the m-th field. However, generally
speaking, the above relation is not satisfied by the usual
estimate of the produced asymmetry given by
nm(tD) =
κmgm
6
µmT
2
D (17)
with µm ≡ −Rma˙R/va. Therefore, µm cannot be in-
terpreted to be a chemical potential of the m-th field.
Instead, we consider the projection of {µm} onto the pa-
rameter plane perpendicular to {Ξm} in order to satisfy
the above constraint. Such a projection µ˜m is given by
µ˜m ≡ µm −
(µ · Ξ)
Ξ2
Ξm, (18)
where we adopt the general shorthand
Y 2 ≡
∑
m
κmgmY
2
m,
Y · Z ≡
∑
m
κmgmYmZm. (19)
Then, it is easy to show that the µ˜m are invariant under
the transformation µm → µm + αΞm for an arbitrary
constant α. By use of µ˜m, {nm} is given by
nm(tD) =
κmgm
6
µ˜mT
2
D. (20)
Then, the resultant lepton number density at decoupling
4is given by3
nL(tD) =
∑
m
Lmnm = −∆R∆LC
D
T 2D
6
a˙R
va
, (21)
where we have defined
C = R2L2 − (R · L)2 ,
D = ∆2LR
2 +∆2RL
2 − 2∆L∆R (R · L) . (22)
From this result, we can easily reconfirm that an inter-
action which has ∆R 6= 0 and ∆L 6= 0, that is, which
violates both PQ and lepton symmetries simultaneously,
is indispensable for the final generation of a lepton asym-
metry.
As a concrete example of such a violating interaction,
we consider the following dimension five operator,
L6L = 2
v
l l HuHu + h.c., (23)
where v is a scale characterizing the interaction and may
be identified with the heavy Majorana mass for the right-
handed neutrino in the context of the see-saw mecha-
nism. Note that the above interaction breaks both PQ
and lepton symmetries by ∆R = 2(Rl + RHu) 6= 0 and
∆L = 2. The violating rate of this interaction is given by
Γ ∼ 0.04T 3/v2 [16]. Then, the decoupling temperature
is calculated as
TD ∼ 5× 1011GeV
( g∗
200
) 1
2
( v
1014GeV
)2
, (24)
where g∗ counts the effective degrees of freedom for rela-
tivistic particles.
A part of the produced lepton asymmetry is converted
into baryon asymmetry through sphaleron effects [17],
which is estimated as
nB
s
=
120kR(RL +RHu)
23π2g∗
C
D
m3/2
TD
∼ 3× 10−10
(m3/2
3TeV
)( TD
1012GeV
)−1
, (25)
where we have assumed that a˙R > 0 and that PQ charges
are of order unity.
Finally we discuss the constraint on the reheating tem-
perature due to the gravitino problem. For m3/2 =
3 ∼ 10 TeV, the reheating temperature is constrained
as TRH
<∼ 1012 GeV, assuming that the mass of the light-
est supersymmetric particle (LSP) is O(100 GeV) [18].
3 More precisely, this result applies only for a flat direction which
does not include squarks, such as LHde [15]. The result for a
flat direction which includes squarks will be given in publication
[11]. But, while the forms of C and D become more complicated,
the essential result does not change.
If we take this bound seriously, the decoupling tempera-
ture TD must be less than 10
12 GeV so that the violating
interaction is in thermal equilibrium. For m3/2 ∼ 100
GeV, the reheating temperature must be smaller than
TRH
<∼ 109 GeV. However, these constraints on the re-
heating temperature are evaded by the introduction of a
supersymmetric partner with a mass much lighter than
100 GeV. One such particle is the axino, which natu-
rally exists in our scenario. In fact, it was shown that
the reheating temperature is constrained rather loosely
as TRH < 10
15 GeV for m3/2 ≃ 100 GeV, if the axino is
the LSP and the gravitino is the next-to-lightest super-
symmetric particle (NLSP) [19].
In summary, we have discussed a spontaneous baryo-
genesis mechanism with an interaction violating another
global symmetry in addition to baryon (lepton) symme-
try. We have shown that even if a scalar field derivatively
couples not to baryon current but to another current as-
sociated with some global symmetry U(1)Q, baryogenesis
is still possible by virtue of such a violating interaction.
As a concrete realization of our idea, we have discussed
baryogenesis in the context of a flat direction with nei-
ther baryon nor lepton charge. First, we have shown
that the phase of such a flat direction, strictly speaking,
the NG boson associated with breaking of the symmetry,
derivatively couples to the global current if it is charged
under another global U(1)Q symmetry, such as the PQ
symmetry. The A-term gives this NG boson a nonzero
velocity, which leads to the CPT violation. By virtue
of the interaction violating U(1)Q and baryon (lepton)
symmetries simultaneously, CPT violation is transmit-
ted to the baryon (lepton) sector, which makes it possi-
ble to generate baryon (lepton) asymmetry for this flat
direction. In the case of a lepton asymmetry produc-
tion, a part of the lepton asymmetry is converted into
the baryon asymmetry through sphaleron effects.
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